Edited by Paul E. Fraser TAR DNA-binding protein of 43 kDa (TDP-43) forms pathological aggregates in neurodegenerative diseases, particularly in certain forms of frontotemporal dementia and amyotrophic lateral sclerosis. Pathological modifications of TDP-43 include proteolytic fragmentation, phosphorylation, and ubiquitinylation. A pathognomonic TDP-43 C-terminal fragment (CTF) spanning amino acids 193-414 contains only four lysine residues that could be potentially ubiquitinylated. Here, serial mutagenesis of these four lysines to arginine revealed that not a single residue is responsible for the ubiquitinylation of mCherry-tagged CTF. Removal of all four lysines was necessary to suppress ubiquitinylation. Interestingly, Lys-408 substitution enhanced the pathological phosphorylation of the immediately adjacent serine residues 409/410 in the context of mCherry-CTF. Thus, Lys-408 ubiquitinylation appears to hinder Ser-409/ 410 phosphorylation in TDP-43 CTF. However, we did not observe the same effect for full-length TDP-43. We extended the mutagenesis study to full-length TDP-43 and performed MS. Ubiquitinylated lysine residues were identified in the nuclear localization sequence (NLS; Lys-84 and Lys-95) and RNA-binding region (mostly Lys-160, Lys-181, and Lys-263). Mutagenesis of Lys-84 confirmed its importance as the major determinant for nuclear import, whereas Lys-95 mutagenesis did not significantly affect TDP-43's nucleo-cytoplasmic distribution, solubility, aggregation, and RNA-processing activities. Nevertheless, the K95A mutant had significantly reduced Ser-409/410 phosphorylation, emphasizing the suspected interplay between TDP-43 ubiquitinylation and phosphorylation. Collectively, our analysis of TDP-43 ubiquitinylation sites indicates that the NLS residues Lys-84 and Lys-95 have more prominent roles in TDP-43 function than the more C-terminal lysines and suggests a link between specific ubiquitinylation events and pathological TDP-43 phosphorylation.
TAR DNA-binding protein of 43 kDa (TDP-43) forms pathological aggregates in neurodegenerative diseases, particularly in certain forms of frontotemporal dementia and amyotrophic lateral sclerosis. Pathological modifications of TDP-43 include proteolytic fragmentation, phosphorylation, and ubiquitinylation. A pathognomonic TDP-43 C-terminal fragment (CTF) spanning amino acids 193-414 contains only four lysine residues that could be potentially ubiquitinylated. Here, serial mutagenesis of these four lysines to arginine revealed that not a single residue is responsible for the ubiquitinylation of mCherry-tagged CTF. Removal of all four lysines was necessary to suppress ubiquitinylation. Interestingly, Lys-408 substitution enhanced the pathological phosphorylation of the immediately adjacent serine residues 409/410 in the context of mCherry-CTF. Thus, Lys-408 ubiquitinylation appears to hinder Ser-409/ 410 phosphorylation in TDP-43 CTF. However, we did not observe the same effect for full-length TDP-43. We extended the mutagenesis study to full-length TDP-43 and performed MS. Ubiquitinylated lysine residues were identified in the nuclear localization sequence (NLS; Lys-84 and Lys-95) and RNA-binding region (mostly Lys-160, Lys-181, and Lys-263). Mutagenesis of Lys-84 confirmed its importance as the major determinant for nuclear import, whereas Lys-95 mutagenesis did not significantly affect TDP-43's nucleo-cytoplasmic distribution, solubility, aggregation, and RNA-processing activities. Nevertheless, the K95A mutant had significantly reduced Ser-409/410 phosphorylation, emphasizing the suspected interplay between TDP-43 ubiquitinylation and phosphorylation. Collectively, our analysis of TDP-43 ubiquitinylation sites indicates that the NLS residues Lys-84 and Lys-95 have more prominent roles in TDP-43 function than the more C-terminal lysines and suggests a link between specific ubiquitinylation events and pathological TDP-43 phosphorylation.
The TAR DNA-binding protein of 43 kDa (TDP-43) is the main protein component of pathological inclusions in the brain and spinal cord of almost all cases of amyotrophic lateral sclerosis (ALS) 2 and in ϳ45% of frontotemporal lobar degeneration (FTLD-TDP) (1) (2) (3) . This ubiquitously expressed DNA/RNAbinding protein contains two highly conserved RNA recognition motifs (RRM1 and RRM2), a C-terminal low complexity, glycine-rich domain (GRD) that is important for its proteinprotein interactions but also pathological aggregation. TDP-43 has a bipartite nuclear localization signal (NLS) and a nuclear export signal (NES), which allow the protein to shuttle between the nucleus and cytoplasm, although TDP-43 is predominantly located in the nucleus. Under physiological conditions, TDP-43 regulates mRNA processing, stability, trafficking, and miRNA biogenesis, autoregulates its own expression, and translocates into cytoplasmic stress granules under conditions of stress (4, 5) .
Many neurodegenerative diseases exhibit insoluble protein inclusions with the characterizing protein often being strongly ubiquitinylated and/or phosphorylated. In ALS and FTLD-TDP, TDP-43 is found ubiquitinylated, hyperphosphorylated, mislocalized to the cytoplasm and cleared from the nucleus, proteolytically cleaved into 25-and 35-kDa C-terminal fragments (CTFs), and aggregated into insoluble inclusions (1, 2, 6) . Dual phosphorylation at serine residues 409/410 (Ser-409/410) is a pathological marker for abnormal TDP-43 inclusions (6 -8) . Moreover, in 1-2% of total ALS cases, more than 50 pathogenic TDP-43 mutations were identified, mainly in the aggregationprone CTF (9) . Also, ubiquitinylated and phosphorylated TDP-43 was found in other neurodegenerative diseases like Alzheimer's disease, corticobasal degeneration, and progressive supranuclear palsy (10 -12) .
The post-translational modifications that TDP-43 undergoes in disease or disease-mimicking models, i.e. phosphoryla-tion, ubiquitinylation, truncation, SUMOylation, acetylation, oxidation, and deamidation (1, (13) (14) (15) , have been studied to varying extent. As for phosphorylation, many sites of modification are known (6 -8, 13) , and the impact on TDP-43 toxicity and aggregation, mainly of Ser-409/410 phosphorylation, was studied to a certain degree (15) .
In contrast to the diverse TDP-43 phosphorylation sites, only few specific ubiquitinylation sites have been identified so far (Table 1) , and their distinct roles on solubility, localization, and aggregation and also their physiological functions are not understood. Ubiquitinylations may not only influence protein degradation but can also affect protein localization, endocytosis, DNA repair, and protein activity and can mediate proteinprotein interactions (16, 17) .
Specifically for TDP-43, ubiquitinylated species are insoluble and can be induced by inhibition of protein degradation via UPS or autophagy or by other stressors (18 -27) . TDP-43 is polyubiquitinylated via Lys-48-and Lys-63-linked ubiquitin chains, indicating proteasomal and autophagosomal degradation of the protein (26, 28) . We have shown that TDP-43 is ubiquitinylated by the UBE2E family of ubiquitin-conjugating enzymes, and this can be reversed by the ubiquitin isopeptidase Y (29) . Parkin was also suggested as a ubiquitin ligase for TDP-43 (28) . Four ubiquitinylation sites in or near the RRM1 were identified by Dammer et al. (30) , although their inactivation did not alter the amount and solubility of total ubiquitinylated TDP-43, emphasizing that further TDP-43 lysine residues are ubiquitinylated under pathological conditions. Therefore, it is important to identify and characterize these specific ubiquitinylated lysine residues and how their modification affects localization, solubility, and aggregation of TDP-43.
TDP-43 contains 20 lysine residues, most of which are located in the N-terminal section and RRM1, and only few lysine residues reside in TDP-43 domains that are part of truncated CTFs (Fig. 1A) . We observed in our previous study that a 35 -kDa CTF that includes the RRM2 and GRD (193-414 aa) is strongly ubiquitinylated (29) . This CTF contains four lysine residues, narrowing down the possibly ubiquitinylated lysine residues. In this study, we investigated, with the help of singleand multiple-site lysine mutants, which of them are mainly ubiquitinylated and how their modification with ubiquitin affects localization, solubility, and aggregation of the CTF. The mutagenesis study was then extended to full-length TDP-43 (TDP-43 FL) and the hyper-ubiquitinylated K263E mutant TDP-43, including mass spectrometric discovery of novel TDP-43 ubiquitinylation sites. Our extensive systematic study identified no single functionally relevant ubiquitinylation site of TDP-43 but yielded novel detailed findings. In the context of the particularly aggregation-prone mCherry-CTF, removal of the Lys-408 ubiquitinylation site by arginine substitution facilitated phosphorylation of the immediately adjacent Ser-409/410, but that was not detectable in TDP-43 FL. For TDP-43 FL we noticed effects on TDP-43 modifications for the NLS residues Lys-84 and Lys-95 discovered here as novel ubiquitinylation sites.
Results

Site-specific ubiquitinylation of a C-terminal TDP-43 fragment
In our previous study (29) , we observed a strong ubiquitinylation of a 35-kDa CTF of TDP-43 amino acids 193-414 with an  N-terminal mCherry tag. This CTF contains four of the 20  lysine residues of TDP-43 (Lys-224 , Lys-251, Lys-263, and Lys-408; see Fig. 1A ). We were interested whether one or several of these potential ubiquitinylation sites are mainly ubiquitinylated and how the removal of these sites affects localization, insolubility, and aggregation of the mCherry-CTF. We performed site-directed mutagenesis to exchange the four lysine residues with arginine residues individually (K224R, K251R, K263R, and K408R) and in combination (2ϫKR ϭ K224R/K251R, 3ϫKR ϭ K224R/K251R/K263R, 4ϫKR ϭ K224R/K251R/K263R/K408R). To isolate and detect ubiquitinylated TDP-43, we have previously established a protocol in which His 6 -ubiquitinconjugated proteins are isolated with Ni-NTA affinity purification and analyzed by SDS-PAGE/Western blotting (29, 31) . Ubiquitinylated TDP-43 appears as mono-and polyubiquitinylated species in the form of an ϳ55-kDa band and a higher molecular weight smear (HMW), respectively. Importantly, with this method we can detect insoluble ubiquitinylated proteins, as this affinity purification allows us to use cell lysates generated in strongly denaturing 8 M urea buffer instead of a mild lysis that is necessary for immunoprecipitation approaches. This is substantial for investigations of TDP-43 ubiquitinylation, because 1) we have shown before that ubiquitinylated TDP-43 is mainly insoluble (29) , and 2) the ratio of ubiquitinylated to nonubiquitinylated TDP-43 is quite low and can virtually not be detected in blots of cell lysates (see inputs).
First, we studied whether one or several individual lysine residues are mainly ubiquitinylated in the mCherry-CTF. Therefore, we overexpressed lysine-to-arginine-substituted (ubiquitinylation-deficient) mCherry-CTFs in human embryonic kidney (HEK) 293E cells together with His 6 -tagged ubiquitin, followed by affinity purification of all His 6 -ubiquitinylated proteins with Ni-NTA-agarose. Western blot analysis for TDP-43 showed the same steady-state level of all mutants in the total protein fraction ( Fig. 1B, input) . The removal of single lysine residues did not decrease the overall ubiquitinylation of mCherry-CTF lysine mutants, represented by the HMW TDP-43 species. The ubiquitinylation of the CTF K408R mutant was increased, meaning that ubiquitinylation of one or several of the other three lysine residues should be enhanced in CTF K408R (Fig. 1B , pulldown, HMW). A reduction of CTF ubiquitinylation was detected when at least three lysine residues were mutagenized to arginine (Fig. 1, B and C; 3ϫKR and 4ϫKR). However, ubiquitinylation of the lysine-less mCherry-CTF 4ϫKR was not totally lost. Because the mCherry tag has 24 lysine residues itself, we assume that the remaining HMW signal represents mCherry ubiquitinylation. We could not analyze the ubiquitinylation of CTFs untagged or with a short tag because of their extremely low expression levels and rapid degradation rates (our own observations).
Next, we investigated whether the ubiquitinylation of mCherry-CTF K408R , -CTF 2ϫKR , -CTF 3ϫKR , and -CTF 4ϫKR is stabilized by proteasomal inhibition with MG-132 ( Fig. 1C ). We detected a slightly enhanced ubiquitinylation of CTF WT , CTF K408R , CTF 2ϫKR , and CTF 3ϫKR upon MG-132 treatment, but proteasomal inhibition showed no effect on the HMW signal strength of CTF 4ϫKR (Fig. 1C , His 6 pulldown). In summary, there is no single lysine residue that is mainly ubiquitinylated in the CTF, but all can be ubiquitinylated, and at least three ubiquitinylation sites have to be removed to reduce the overall ubiquitinylation of the CTF.
Solubility and aggregation of CTF lysine mutants
In ALS and FTLD, ubiquitinylated TDP-43 and CTFs are found in insoluble, ubiquitinylated, and phosphorylated inclusions (1, 2) . Thus, we studied whether elimination of ubiquitinylation sites alters solubility, phosphorylation, and aggregation of mCherry-CTF ( Fig. 1 , D-F, and Fig. S1 ). We extracted proteins into RIPA and urea-soluble fractions from HEK293E cells overexpressing the mCherry-CTF lysine mutants (Fig. 1 , D and E). Western blot analysis revealed increased insolubility The positions of all 20 lysine residues are depicted; C-terminally located lysine residues are indicated with K, and all other lysine residues are indicated with dots. The phosphorylation site Ser-409/410 is labeled with asterisks. Q/N, glutamate/asparagine-rich prion-like region; and NLS, nuclear localization signal (aa 82-98). B, His 6 -ubiquitin was co-expressed with mCherry-control (Ø), mCherry-CTF WT , or the indicated mCherry -CTF lysine mutants in HEK293E cells. Cells were lysed harshly with 8 M urea lysis buffer followed by Ni-NTA-affinity purification of His 6 -ubiquitin-conjugated proteins, and total protein and eluates were analyzed by Western blotting with antibodies detecting TDP-43, ubiquitin, and GAPDH. C, HEK293E cells were transfected with His 6 -ubiquitin and mCherry-CTF WT , mCherry-CTF K408R , and mCherry-CTF K2/3/4R . After proteasomal inhibition with MG-132 for 2 h, cells were lysed and analyzed as in B. D, sequential extraction of HEK293E cells overexpressing mCherry-CTF lysine mutants and quantification. After 2 days of mCherry-CTF expression, RIPA-and urea-soluble fractions were prepared and analyzed by Western blotting with antibodies against TDP-43, mCherry, and phospho-TDP-43 (Ser-409/410) and actin as loading control. E, quantification of protein levels detected with anti-TDP (upper graph) and anti-mCherry (lower graph), respectively. Data represent the mean Ϯ S.D.; *, p Յ 0.05 compared with mCherry-CTF WT . F, quantification of the aggregate formation of mCherry-CTF lysine mutants upon proteasomal inhibition (Fig. S1 , A and B). 50 -250 cells per condition of two independent experiments were analyzed for aggregate formation. The mCherry protein alone formed many tiny aggregates upon proteasomal inhibition, which were included in the quantification (a). Data represent the mean Ϯ S.D.
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of mCherry-CTF K263R , -CTF K408R , and CTF 2ϫKR , whereas mCherry-CTF K224R and -CTF 4ϫKR were less abundant in the RIPA and urea fractions ( Fig. 1 , D and E).
Because phosphorylation at Ser-409/410 is a pathological marker for TDP-43 inclusions in ALS and FTLD, we also analyzed the phosphorylation status of the CTF lysine mutants with a specific antibody (6) . Ser-409/410 phosphorylation was strongly increased in mCherry-CTF K263R , -CTF K408R , and -CTF 2ϫKR and decreased in mCherry-CTF K224R and -CTF 4ϫKR , reflecting the insolubility pattern of these mutants. Interestingly, the insolubility and phosphorylation of CTF 2ϫKR (CTF K224R/K251R ) was increased, although the single mutant CTF K224R showed less insolubility and phosphorylation, and both properties were not altered in CTF K251R . Also, studies of aggregate formation in HEK293E cells by immunofluorescence showed that the enhanced insolubility and phosphorylation of CTF K263R , CTF K408R , and CTF 2ϫKR were not reflected in an increase of cells with TDP-43-and phospho-TDP-43-positive aggregates when compared with CTF WT , neither under control conditions nor upon MG-132 treatment ( Fig. 1F and Fig. S1 ). Moreover, although we detected decreased ubiquitinylation and/or insolubility of CTF K224R and CTF 4ϫKR , the number of cells expressing these mutants with aggregates was not reduced. A possible explanation for this might be that the amount of phosphorylated and aggregated CTF per cell is altered but not the total cell numbers that exhibit aggregated TDP-43. In addition, we would like to point out that we also detected many very tiny inclusions upon MG-132 treatment in cells that expressed the control mCherry protein, which are included in the quantification ( Fig. 1F and Fig. S1 , B and C). However, these inclusions were phospho-TDP-43 negative (Fig. S1 , B and C), and we did not observe similar inclusions in cells expressing mCherry-CTFs.
Although we did not detect an obvious difference in aggregation among the lysine mutants, we found altered solubility and phosphorylation patterns. Importantly, removing more than two ubiquitinylation sites in the 3ϫKR and 4ϫKR mutants reduced their insolubility and phosphorylation. Thus, although not a single lysine appears responsible for the shift into the insoluble fraction, the four lysines in CTF cooperatively promote this effect.
Cross-talk between C-terminal ubiquitinylation and phosphorylation of TDP-43 CTF
The most C-terminal lysine residue Lys-408 is located in proximity to the phosphorylation site Ser-409/410, and its mutation led to increased phosphorylation of mCherry-CTF (Figs. 1D and 2). Therefore, we asked whether there is a crosstalk between ubiquitinylation at Lys-408 and phosphorylation at Ser-409/410. To study the influence of the Ser-409/410 phosphorylation on the ubiquitinylation of mCherry-CTF K408R , we generated phosphorylation-mimic (SSDD) and phosphorylation-dead (SSAA) mCherry-CTFs in which serine residues 409/ 410 were mutated to aspartate and alanine residues, respectively. Additionally, the K408R mutation was introduced into the Ser-409/410 mutants. Ni-NTA pulldown of ubiquitinylated CTF mutants showed comparably increased levels of ubiquitinylated CTF K408R as well as of CTF SSAA and CTF K408R/SSAA , but we did not detect a further increase of ubiquitinylation in the double mutant (Fig. 2) . The anti-phospho-TDP-43 recognized CTF SSDD on Western blots, indicating the appropriateness of the phosphomimic substitution. Interestingly, CTF SSDD and CTF K408R/SSDD showed strongly decreased ubiquitinylation, but the steady-state levels of these phosphomimic CTF mutants were also reduced ( Fig. 2) . Thus, Ser-409/410 phosphorylation appears not to be a priming modification enhancing ubiquitinylation of TDP-CTF.
The findings of increased ubiquitinylation and phosphorylation of CTF K408R , increased ubiquitinylation of CTF SSAA , and strongly decreased CTF SSDD ubiquitinylation give hints that ubiquitinylation at Lys-408 might impair phosphorylation at serines 409/410, maybe through impeded kinase binding, and that impaired phosphorylation increases insolubility and ubiquitinylation. It is also possible that the amino acid exchange at position 408 to arginine facilitates kinase binding to the C terminus of TDP-43 and thereby increases the phosphorylation at this site. All these mCherry-CTF variants distributed evenly throughout the transfected cells ( Fig. S2) , confirming that the observed effects are not due to different subcellular localizations.
Impact of C-terminal ubiquitinylation site mutation on ubiquitinylation in full-length TDP-43
Not a single residue of the four individual lysine residues within the mCherry-CTF turned out to be a main ubiquitinylation site, but at least three lysines had to be removed to reduce ubiquitinylation of the CTF. In ALS, predominantly ubiquiti-
Figure 2. Cross-talk between C-terminal ubiquitinylation and phosphorylation of CTF.
HEK293E cells were double-transfected with CTF WT , CTF 4ϫKR , CTF K408R , and the phospho-mimic-or -dead CTF SSDD or CTF SSAA double mutants (all CTF constructs fused to mCherry) or mCherry-control vector (Ϫ). After cell lysis with urea buffer, His 6 -ubiquitinylated proteins were affinity-purified with Ni-NTA-agarose. Total protein (Input) and Ni-NTA-agarose eluates (His 6 Pulldown) were subjected to Western blot analysis with antibodies detecting mCherry, TDP-43, ubiquitin, His 6 , phospho-TDP-43, and GAPDH as loading control.
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nylated full-length TDP-43 is detected in pathological inclusions in spinal cord motor neurons (6, 32) . Thus, we investigated the role of the C-terminal lysine residues on the ubiquitinylation of FLAG-TDP-43 FL (Fig. 3 ). In addition to the four lysine residues investigated above, we included three further lysine residues (Lys-176, Lys-181, and Lys-192) into our investigations, because the exact cleavage sites of pathological CTFs are not known. Additionally, Lys-181 was identified as ubiquitinylation site by MS in several studies (Table 1) . Also, the following multilysine mutants were investigated: 2ϫKR (K224R/K251R), 3ϫKR (K224R/K251R/K263R), and 4ϫKR (K224R/K251R/K263R/K408R).
We analyzed the ubiquitinylation of the lysine-mutated FLAG-TDP-43 proteins by His 6 -ubiquitin pulldown (Fig. 3, A and B). The proteasome was inhibited with MG-132 administration to stabilize the otherwise very weak ubiquitinylation of FLAG-TDP-43. The steady-state levels of all mutants were not altered. We detected a slightly decreased ubiquitinylation of TDP-43 K192R and enhanced ubiquitinylation of TDP-43 K176R , TDP-43 K224R , and all multilysine mutants, which all contain the K224R mutation. Also, TDP-43 4ϫKR ubiquitinylation was not reduced like in CTF 4ϫKR , indicating that in TDP-43 FL the C-terminal lysines are not the only ubiquitinylation sites and that the N-terminal lysines have a higher impact on ubiquitinylation of TDP-43.
We hypothesized that the increased ubiquitinylation of the K224R mutant could lead to or be the result of enhanced insolubility, as we have observed for mCherry-CTF K408R . Therefore, 
we also investigated the solubility of the mutants, where we observed an increase of insoluble TDP-43 K224R , TDP-43 K408R , TDP-43 2ϫKR , TDP-43 3ϫKR , and TDP-43 4ϫKR (Fig. 3 , C and D), which correlates with the increased ubiquitinylation of these mutants. The formation of 35-kDa CTFs from TDP-43 K224R , TDP-43 K408R , and TDP-43 2ϫKR was also increased in the urea fraction ( Fig. 3C , urea, TDP-43 long exposure (**)). We did not observe a decrease of the more insoluble mutants in the soluble fraction, probably due to a high ratio of soluble to insoluble protein. Phosphorylation of the lysine mutants was analyzed, but the level of TDP-43 FL phosphorylation was below the detection limit (data not shown). Finally, all lysine mutants were located in the nucleus like TDP-43 WT (Fig. S3 ).
In conclusion, we identified only one single C-terminal site, Lys-192 in FLAG-TDP-43, by which preventing ubiquitinylation by mutation to arginine led to a detectable decrease of the overall ubiquitinylation of TDP-43. Also, the data from ubiquitinylation studies of mCherry-CTF did not correlate with the data from FLAG-TDP-43, suggesting that different sites are mainly ubiquitinylated and that in TDP-43 FL also other lysines are ubiquitinylated. There may be either no major ubiquitinylation sites among the C-terminal lysine residues investigated here or degradation-targeting ubiquitinylation is not a very site-specific post-translational modification: when one site is not accessible for ubiquitinylation, an alternative site may be chosen.
Mass spectrometric identification of TDP-43 ubiquitinylation sites
Several TDP-43 ubiquitinylation sites were identified in a small number of proteomic approaches (Table 1) , and the contribution of their ubiquitinylation to the total ubiquitinylation of TDP-43 was studied only in one case (30) . In a next step we sought to confirm our results and, additionally, wanted to identify further TDP-43 ubiquitinylation sites. Thus, we conducted MS analyses of TDP-43 FL. With this approach, we could analyze all possible ubiquitinylation sites of the protein by detecting the diGly motif that is formed at ubiquitinylated lysine residues after trypsin digestion of the purified ubiquitinylated TDP-43 prior to MS analysis. Therefore, we overexpressed N-terminally His 6 -tagged TDP-43 in HEK293E cells. Because ubiquitinylation often targets proteins for degradation and, thus, mediates fast turnover of the modified proteins, we inhibited the proteasome for 6 h prior to cell lysis to enhance the otherwise very low ratio of ubiquitinylated to nonmodified TDP-43. DMSO-treated cells were used as control. Given that ubiquitinylated TDP-43 is mainly insoluble (29) , and to reduce unspecific binding of soluble proteins to the Ni-NTA-agarose, we first extracted the soluble proteins prior to lysis of the insoluble fraction with an 8 M urea lysis buffer. All His 6 -ubiquitinylated TDP-43 proteins, including any post-translational modifications, were isolated by Ni-NTA-affinity chromatography (Fig. S4, A and B) . Western blot analysis showed that TDP-43 was predominantly monoubiquitinylated, and polyubiquitinylation was not as pronounced, as the monoubiquitinylation band at ϳ55 kDa was much stronger than the HMW smear ( Fig.  S4B ; TDP-Ub 1 versus TDP-Ub n ). To distinguish between these two types of TDP-43 ubiquitinylation, we separated the purified TDP-43 by SDS-PAGE, visualized the protein with Coomassie Brilliant Blue staining, and used the gel areas mono (likely monoubiquitinylated) and HMW (likely polyubiquitinylated) (see Fig. S4A ) for the detection of the diGly motif by LC-MS/MS analysis.
The coverage of TDP-43 in the four different samples was between 45 and 60% ( Table 2 and Fig. S4C ). The diGly motif was detected under control conditions (DMSO) at lysine residues Lys-84 and Lys-181 in the TDP-43 mono-and Lys-84, Lys-181, and Lys-263 in the HMW sample (Table 2) . Additionally, proteasomal inhibition stabilized the ubiquitinylation at Lys-95, Lys-160, and Lys-263 in the His 6 -TDP-43 mono samples and Lys-95 and Lys-160 in the His 6 -TDP-43 HMW samples. In this first analysis, mainly ubiquitinylation sites were identified that are located in the bipartite NLS or RRM1 of TDP-43, with the exception of Lys-181 and Lys-263 for which we could already show that their individual lysine-to-arginine mutation does not reduce the overall TDP-43 ubiquitinylation (see above).
Use of an N-terminal His 6 tag in these experiments would not allow pulldown and coverage of putative CTFs derived from the transfected TDP-43. Therefore, we generated C-terminally His 6 -tagged TDP-43 that also allowed pulldown of a 35-kDa CTF (Fig. S4B , His 6 Pulldown, arrow). We performed a second MS analysis with purified TDP-43-His 6 . The coverage was better for three of the four samples with values between 62 and 83% ( Table 2 and Fig. S4C ). The Lys-181 ubiquitinylation site was detected again in all four samples, and ubiquitinylation of Lys-84, Lys-95, Lys-160, and Lys-263 was found only upon MG-132 administration, confirming the results from the first analysis (Table 2 ). In addition to the detected sites of the first analysis, Lys-102 and Lys-114 were identified in the HMW and TDP-43 mono-samples, respectively, independently of the treatment.
Of the four C-terminal ubiquitinylation sites only Lys-263 was identified in the MS analyses, although Lys-224, Lys-251, 
Analysis of TDP-43 ubiquitinylation sites
and Lys-408 were covered. Ubiquitinylation of Lys-192 could not be confirmed, although we found decreased levels of FLAG-TDP-43 K192R in our previous experiments (Fig. 3, A and  B) . However, this lysine residue was not covered in our MS analyses, and therefore, it is still possible that Lys-192 is a real TDP-43 ubiquitinylation site. It is noteworthy that in both analyses ubiquitin peptides with diGly motifs at Lys-48 and Lys-63 were detected in proteasome-inhibited samples but also in the DMSO control samples ( Table 2 ). These peptides were probably generated from TDP-43 polyubiquitin chains linked via Lys-48 and Lys-63. This finding emphasizes the proteasome and autophagosome targeting function of TDP-43 ubiquitinylation. Neddylation and ISGylation also produce diGly-tagged peptides upon trypsin digestion, but we did not find any peptides matching Nedd8 or ISG15 among the peptides co-enriched with His 6 -tagged TDP-43. Moreover, ISG15 is only expressed upon interferon-␣/␤ exposure (33) , and Neddylation is thought to be only a minor modification (34) .
In summary, we identified several ubiquitinylation sites of TDP-43 that are mainly located in the NLS and RRM1 (Fig. 4A ), the latter being in accordance with data from four other studies that identified ubiquitinylation sites of TDP-43 (Table 1) . Importantly, the ubiquitinylation of the NLS Lys-84 is a novel finding of this study. The modifications of Lys-95 and Lys-160 were detected only upon proteasomal inhibition, which was also found by Kim et al. (34) and Wagner et al. (35) , who also applied proteasomal inhibitors. The lack of degradation prevention might be the reason why Lys-95 and Lys-160 ubiquitinylation were not detected in the other two studies (Table 1) . However, we could only confirm the ubiquitinylation of one C-terminal lysine residue, Lys-263.
NLS Lys-95 is ubiquitinylated upon proteasomal inhibition
Next, we studied the ubiquitinylation of the NLS ubiquitinylation sites Lys-84 and Lys-95 in more detail and analyzed the effects of their ubiquitinylation on their localization, solubility, and aggregation. We hypothesized that ubiquitin modification of these sites might have an impact on TDP-43 localization (36) . Also, function and solubility of TDP-43 might be altered by possible shifts to the cytoplasm. It was shown before that cytoplasmic relocalization induces aggregation and insolubility of TDP-43 and cell toxicity and also has a negative impact on the function of the protein (37) .
First, we investigated whether the identified NLS ubiquitinylation sites Lys-84 and Lys-95 can be detected indirectly with our His 6 -ubiquitin pulldown approach and how this is altered by proteasomal inhibition. Because TDP-43 contains 20 lysine residues, mutating all but Lys-84 or Lys-95 to see whether these sites are ubiquitinylated would strongly alter the structure of the whole protein. Thus, we used the indirect approach and mutated Lys-84 and Lys-95 either to arginine or alanine. The arginine mutants could theoretically still be recognized and bound by importins due to the preservation of the positive lysine charge, whereas the alanine substitution should not be recognized by them. We overexpressed TDP-43 K84R/K84A and TDP-43 K95R/K95A mutants, respectively, in HEK293E cells, treated them with MG-132, and isolated the ubiquitinylated Table 2 Ubiquitin 
Analysis of TDP-43 ubiquitinylation sites
proteins from the total urea fraction using Ni-NTA-agarose ( Fig. 4B) . As a control, the cytoplasmic TDP-43 NLSmut (K82A/ R83A/K84A) was included. Proteasomal inhibition stabilized the ubiquitinylation of all mutants. The ubiquitinylation of TDP-43 K84A was increased, even without MG-132 treatment, and TDP-43 K95A and TDP-43 K95R ubiquitinylations were reduced upon proteasomal inhibition, confirming that this lysine is a proteasomal degradation-targeting ubiquitinylation site. The effects on the arginine mutant TDP-43 K84R were not as pronounced as on the alanine mutant, giving a hint that the pure availability of a certain ubiquitinylation site is not important for its modification but perhaps also the subcellular localization (see below). This is supported by the strong ubiquitinylation of the TDP-43 NLSmut mutant, even under basal conditions (Fig. 4B ).
Next, we studied whether the subcellular localization of the NLS lysine mutants is indeed altered by performing subcellular fractionations and immunofluorescence stainings of HEK293E cells that overexpress the mutants under nonstressed conditions. Indeed, we found a shift of TDP-43 K84A to the cytoplasm in the fractionation and subcellular staining, whereas TDP-43 K95A localization was equal to TDP-43 WT (Fig. 4, C-E) . Also, 
both arginine mutants TDP-43 K84R and TDP-43 K95R were mainly located in the nucleus. The localization of a double mutant TDP-43 K84A/K95A was also shifted to the cytoplasm, whereas the corresponding arginine mutant TDP-43 K84R/K95R was still mainly nuclearly localized (Fig. 4, D and E) . Moreover, the total levels of the K84A, K84A/K95A, and NLSmut mutants were increased (Fig. 4D) . The cytoplasmic localization of TDP-43 K84A also indicates that Lys-84 is the important importinrecognition amino acid in the bipartite NLS of TDP-43, and it also implies that Lys-95 plays no substantial role in the nuclear import of the protein. The cytoplasmic shift of TDP-43 K84A alone might alter or impair the solubility, aggregation, and/or function of TDP-43, making it difficult to investigate the impact of ubiquitinylation at this site, even more because we can only investigate the ubiquitinylation indirectly by removing the ubiquitinylation site of interest through mutagenesis. The localization of TDP-43 K95A instead was not altered, and even more, ubiquitinylation at this site was only detected upon proteasomal inhibition by MS ( Table 2 ).
In summary, TDP-43 ubiquitinylation at Lys-95 could be confirmed, but modification of this site with ubiquitin did not alter the subcellular localization of the protein.
NLS lysine ubiquitinylation does not alter solubility of TDP-43
So far, we identified decreased ubiquitinylation of TDP-43 K95A and TDP-43 K84A and a shift into the cytoplasm of TDP-43 K84A . Thus, we next investigated whether these alterations affect the solubility, CTF formation, and aggregation of TDP-43, as it was shown before that a shift of TDP-43 to the cytoplasm increases its insolubility (37) . First, we overexpressed TDP-43 WT and the NLS lysine mutants, additionally inhibited the proteasome for 6 h, and separated the cellular proteins 
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in soluble and insoluble fractions (Fig. 5A) . We observed increased levels of TDP-43 K84A , TDP-43 K84A/K95A , and TDP-43 NLSmut in the soluble fraction under control conditions, and proteasomal inhibition shifted all TDP-43 species from the RIPA into the insoluble urea fraction. However, we did not detect altered insolubility of the TDP-43 K84A/K84R and TDP-43 K95A/K95R mutants compared with TDP-43 WT . We also tested whether osmotic, oxidative, or thermal stress might induce differences in the solubility of the NLS lysine mutants (Fig. 5B) . Like MG-132, all three conditions, sorbitol, arsenite, and heat shock, shifted more TDP-43 into the insoluble urea fraction, but no differences were seen for the Lys-84 and Lys-95 mutants. Thus, a shift to the cytoplasm or removal of ubiquitinylation sites does not induce increased TDP-43 insolubility in HEK293E cells, neither under control nor stress conditions. Furthermore, we also asked whether the NLS lysine to alanine mutants exhibit altered formation of 35-kDa CTFs, which are frequently observed in HEK293 and other cell lines. The CTFs are degraded rapidly by the proteasome after their formation (24, 38) and become insoluble if they are stabilized by proteasomal inhibition (19, 26, 29, 39) . We blocked the proteasome with MG-132 for 2 or 6 h prior to lysis with an 8 M urea buffer, followed by Western blot analysis (Fig. 5C ). We detected increased 35-kDa CTF level upon 6-h proteasome inhibition from TDP-43 WT and TDP-43 K95A , and CTF formation from TDP-43 K84A increased even stronger, possibly due to the already higher expression levels of total FLAG-TDP-43 for this mutant (Fig. 5, C and D) . Interestingly, although levels of TDP-43 WT and TDP-43 K95A species were comparable as well as their derived CTFs, the amount of phosphorylated TDP-43 K95A was significantly decreased under control and proteasome-inhibited conditions (Fig. 5, C and D) .
Because it is thought that these CTFs are generated by caspase-3 cleavage and MG-132 was shown to mediate this activation (40, 41) , we also checked the level of activated caspase-3, but we did not observe any cleaved caspase-3 (data not shown). However, proteasomal inhibition induced PARP cleavage (Fig. 5C ), a marker for apoptosis, which was shown to be conducted by several caspases, among them caspase-3 (42) . We also investigated the aggregate formation upon 6-h proteasomal inhibition of the NLS lysine mutants with immunofluorescence. We found mainly nuclear phospho-TDP-43-positive inclusions in 10 -15% of MG-132-treated cells, with no significant differences between the mutants and TDP-43 WT (data not shown). Likewise, no difference in cystic fibrosis transmembrane conductance regulator (CFTR) and ribosomal S6 kinase 1 Aly/REF-like target (SKAR) splicing and HDAC6 mRNA stability was observed (data not shown).
In summary, we describe reduced phosphorylation of TDP-43 K95A , and increased expression level of TDP-43 K84A , probably due to its cytoplasmic localization.
Ubiquitinylation of disease-associated TDP-43 mutants
In principle, ubiquitinylation could be a mechanism conferring pathogenicity of TDP-43 and its clinical mutants. We examined two TDP-43 mutations that introduce additional lysines, namely Q331K and N345K. These two TDP-43 mutants were expressed at the same level as TDP-43 WT in transiently transfected HEK293 cells (Fig. S5) . No enhanced ubiquitinylation could be detected in His 6 -ubiquitin pulldown experiments, neither under basal conditions nor after treatment with MG-132 ( Fig. S5) . Thus, at least for these two disease-associated TDP-43 mutants, the introduction of extra lysines did not lead to excessive ubiquitinylation of TDP-43.
We had previously reported a hyper-ubiquitinylated TDP-43 mutant, K263E (29) . Thus, we sought to identify lysine residues that could account for the enhanced ubiquitinylation of TDP-43 K253E . We generated a novel set of lysine mutants combined with K263E and analyzed these TDP-43 proteins as described above for TDP-43 WT . Combining K263E with a collection of C-terminal lysine single or multiple arginine substitutions, we did not identify any specific residue that could account for the enhanced ubiquitinylation of TDP-43 K263E (Fig. 6A ). We did notice some enhancement of ubiquitinylation in the K224R/ K263E double mutant, similar to the enhanced ubiquitinylation of TDP-43 K224R alone (see Fig. 3 ). Thus, enhanced ubiquitinylation of K224R and K263E might occur in an additive manner. It required the combination of K263E with K224R/K251R/ K408R to start seeing reductions of ubiquitinylation, but such multiple mutagenesis to quadruple sites becomes increasingly artificial. We conclude that similar to TDP-43 WT , the hyperubiquitinylated TDP-43 K263E also can be ubiquitinylated at multiple redundant sites.
Combining K263E with substitutions of Lys-84 and Lys-95 showed no reduction of ubiquitinylation for the Lys-95 mutants (Fig. 6B ). Interestingly, a remarkable reduction of TDP-43 K263E ubiquitinylation was observed in the K263E/K84R double mutant. Likewise, the enhanced Ser-409/410 phosphorylation of TDP-43 K263E was reduced when combined with the K84R mutation (Fig. 6B) . The slight reduction of TDP-43 K84R/K263E expression levels does not seem likely to account for the strong reductions of ubiquitinylation and phosphorylation. Curiously, these effects on TDP-43 K263E modifications were not observed when combined with the nonconservative K84A substitution (Fig. 6B) . In contrast to the other mutants, introduction of K84A leads to impairment of nuclear import (Fig. 6C ). We assume that inside the nucleus, Lys-84 plays a somewhat more prominent role in TDP-43 K263E modifications. When mislocalized to cytosolic compartments, the TDP-43 modifications appear to become more promiscuous and less dependent on Lys-84.
Discussion
Here, we investigated C-terminal and NLS-located potential ubiquitinylation sites of TDP-43 and their role in ubiquitinylation, localization, solubility, and aggregation of the protein. We found the following: 1) there is no main C-terminal ubiquitinylation site, but all four lysine residues contribute to the heavy ubiquitinylation of CTF; 2) C-terminal lysine residues are not the main ubiquitinylation sites of TDP-43 FL; 3) ubiquitinylation at Lys-408 might impede the phosphorylation at Ser-409/410 at least in the context of CTF; 4) substitutions of Lys-84 impair nuclear import, whereas Lys-95 ubiquitinylation does not appear to alter cellular distribution and solubility, yet prevention of Lys-95 ubiquitinylation reduces the
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pathological Ser-409/410 phosphorylation; and 5) Lys-84 might become an important ubiquitinylation residue in the nucleus for TDP-43 mutants such as the hyper-ubiquitinylated TDP-43 K263E . An overview of the results is displayed in Table S1 .
The identification of ubiquitinylation sites and of the linkage type is important for learning more about the fate of the ubiquitinylated substrate. The localization of ubiquitin post-translational modifications in a certain domain or the type of linkage can give information about the function of ubiquitin attachment besides targeting the protein for degradation, which is the best studied purpose of ubiquitinylation (43) . All 20 lysine residues of TDP-43 are conserved among species down to zebrafish and most also in Drosophila melanogaster. However, there are no distinct ubiquitinylation motifs known (34) , and sequences around ubiquitinylated lysine residues are not conserved across different species (44) . Also, the broad range of E2 and E3 enzymes disfavors the existence of distinct ubiquitinylation motifs. This absence of a clear motif makes it difficult to predict ubiquitinylation sites in silico. Therefore, ubiquitinylation sites are usually identified experimentally by MS. However, in this study we decided to start with a more unconventional approach using site-directed mutagenesis of TDP-43 C-terminal lysine residues, as CTFs are heavily ubiquitinylated (29) but harbor only a restricted number of possible ubiquitinylation sites. Moreover, among the published ubiquitinylation sites (Table 1) , only Lys-263 is located in our CTF(193-414), and Lys-181 and Lys-176 are located in the extended C-terminal region of TDP-43 (Fig. 1A) . We did not find a single main ubiquitinylation site in our CTF with the site-directed mutagenesis approach. Thus, it is possible that all sites contribute equally to the CTF ubiquitinylation, which indicates that the CTF is not site-specifically ubiquitinylated. Interestingly, MG-132 treatment stabilized the CTF ubiquitinylation poorly, suggesting that the ratio of ubiquitinylated CTF was already so high that a further increase due to proteasomal inhibition was barely visible or that these ubiquitin modifications might be not proteasome but autophagosome targeting. Also, the increased amount of insoluble CTF K263R and CTF K408R might point toward a decreased proteasomal degradation of those mutants due to the lack of UPS-targeting ubiquitinylation sites. Ubiquitinylation of pathological TDP-43 FL and of CTFs in ALS and FTLD should target them for degradation, but the ubiquitinylated TDP-43 species cannot be disposed likely due to decreased efficiency of the protein degradation systems in neurodegenerative diseases and aging (45, 46) .
K192R was the only C-terminal lysine mutant that exhibited decreased ubiquitinylation of TDP-43 FL. This site could not be 
confirmed with MS because the corresponding peptide was not covered (Fig. S4C) . Interestingly, Cohen et al. (47) identified Lys-192 as a major acetylation site and suggested that this modification might interfere with nucleic acid binding in the proximal RRM2. Therefore, it is conceivable that ubiquitinylation at Lys-192 indirectly interferes with RNA binding by competing with acetylation at this site. We also identified Lys-181 and Lys-263 as C-terminal ubiquitinylation sites of TDP-43 FL by MS, but not Lys-224, Lys-251, and Lys-408, although these sites were covered. It is possible that the same lysine residues are differentially ubiquitinylated depending on whether they are part of TDP-43 FL or CTF. For instance, TDP-43 K224R was strongly ubiquitinylated, and TDP-43 K408R ubiquitinylation was not altered, but mCherry-CTF K408R ubiquitinylation was clearly increased, whereas CTF K224R ubiquitinylation was not enhanced. In another study, two TDP-43 variants, TDP-43 FL and a C-terminally truncated TDP-S6(1-276), were depleted of four lysine residues located in or near RRM1 (Lys-102, Lys-114, Lys-145, and Lys-181), and they exhibited different solubility and total ubiquitinylation properties (30). Thus, it is possible that MS of TDP-43 FL could not detect ubiquitinylation sites of the CTF.
Ubiquitinylation at Lys-160 was also detected only upon MG-132 treatment by Wagner et al. (35) , supporting a proteasome-targeting function. Interestingly, the Lys-181 ubiquitinylation site was identified in all studies (including ours) using cell line-derived endo-and exogenous TDP-43 (Tables 1 and 2) , although we could not confirm a clear decrease of TDP-43 K181R ubiquitinylation in our pulldown assay. This suggests that either other lysine residues are ubiquitinylated in compensation, that the ubiquitinylation at Lys-181 only contributes negligibly to the total amount of ubiquitinylated TDP-43, or that the Lys-181-containing peptide is very suitable for detection by MS.
Several of the identified ubiquitinylations sites of TDP-43 are probably degradation targeting as they were detected by inhibiting the proteasome to stabilize ubiquitinylated TDP-43. This was also confirmed by the detection of Lys-48-but also Lys-63linked polyubiquitins among the isolated insoluble TDP-43 in this study (Table 2 ) and in previous studies (14, 26, 28) . Lys-48 is the typical proteasome targeting polyubiquitin linkage, and Lys-63-linked ubiquitin labels proteins for lysosomal degradation but is also a sign for stress response, DNA damage, or endocytosis (43) . As there are other types of polyubiquitin linkage as well as monoubiquitinylation that target the substrate for other functional destinations (17) , it is possible that the ubiquitinylation sites detected under control conditions have other functions. Because mono-and different polyubiquitin modifications leave a diGly motif after tryptic digestion prior to MS, this method cannot distinguish between these types of ubiquitinylation.
A challenge of this study was the confirmation of potential ubiquitinylation sites as ubiquitinylated proteins are usually turned over rapidly. Also, in contrast to other post-translational modifications, like phosphorylation or acetylation, ubiquitinylation cannot be mimicked. Thus, we had to employ the indirect approach where a lysine is mutated to arginine (under charge preservation) or alanine, followed by the detection of decreased total ubiquitinylation if the site is indeed a ubiquitinylated lysine residue. This decrease can be small if the protein contains many ubiquitinylation sites or if a neighboring lysine is alternatively ubiquitinylated. Also, little is known about the site-specificity of ubiquitinylations, but a proteomic study showed that ubiquitinylations were considerably increased in about twothirds of the identified ubiquitinylation sites upon proteasomal inhibition, suggesting a main proteasome-targeting function for these sites (35) . This indicates that proteasome-targeting ubiquitinylations might be selective to some extent.
A novel and interesting finding of this study is the increased phosphorylation at Ser-409/410 of CTF K408R , which also exhibits increased ubiquitinylation. This suggests a cross-talk between C-terminal ubiquitinylation and phosphorylation. Ubiquitinylation at Lys-408 could sterically impair kinase binding and prevent phosphorylation, or the lysine to arginine mutation might facilitate kinase binding and thus increase Ser-409/410 phosphorylation. A further possibility is that the stronger ubiquitinylation of the other CTF lysine residues decreased CTF solubility and thus also caused increased phosphorylation. Likewise, the increased phosphorylation might also enhance the CTF insolubility. Providing support for this assumption, several studies demonstrated that phosphorylation at Ser-409/ 410 decreases TDP-43 degradation, enhances its insolubility and aggregation, and results in neurodegeneration (7, 23, 48, 49) . Therefore, the cause and the consequence of the increased phosphorylation of CTF K408R need to be further investigated.
Several studies gave evidence for a direct cross-talk between ubiquitinylation and phosphorylation of the same protein molecule. Noteworthy, ubiquitinylation sites of nuclear proteins in yeast are often in proximity of phosphorylation sites (50) . In polyQ diseases, phosphorylation of ataxin-1 at Ser-776 modulates its ubiquitinylation by the C terminus of the hsp70-interacting protein (CHIP) and its aggregation (51) . Quite straightforward, phosphorylation is often a prerequisite for degradation-targeting ubiquitinylation of cell cycle-associated or regulatory proteins (cyclins, period circadian protein homologs) by providing a recognition site for E3 ligases (52) (53) (54) , as the secondary structure is important for E3 recognition of the ubiquitinylation site (55, 56) . Thus, there is certain evidence for phosphorylation influencing degradation of proteins, including TDP-43.
In this study, we identified two ubiquitinylation sites that are located in the NLS of TDP-43. The Lys-84 ubiquitinylation site is a novel finding of this study, and the validity of the ubiquitinylation of Lys-95 targeting TDP-43 for proteasomal degradation is supported by another study that found this modification under proteasomal inhibition (34) . The localization of these sites in the NLS of TDP-43 suggests that their ubiquitinylation might affect nuclear import either directly by impairing importin-␣ binding, as is possible for Lys-84, or indirectly by targeting TDP-43 for degradation before it can be shuttled back into the nucleus. In fact, it was shown for several proteins that ubiquitinylation regulates their localization. Mono-ubiquitinylation of choline-phosphate cytidylyltransferase A at Lys-57 in proximity to its NLS results in the disruption of importin-␣ binding, which facilitates its lysosomal degradation (57) , and ubiquitinylation of the NLS and NES is required for nuclear-cytoplasmic
trafficking of Paramyxovirinae matrix proteins (58) . Also, p53 import is restrained by ubiquitinylation of its NLS lysines 319 -321 by the E3 ligase MDM2, which blocks importin-␣3 binding (59) . Additionally, other post-translational modifications were shown to regulate protein import and export. Arginine methylation of an RGG motif next to the C-terminal PY-NLS of FUS, another RNA-binding protein involved in pathogenesis of a subgroup of ALS and FTLD, impairs transportin binding, and thus its nuclear import (60) .
Actually, nucleo-cytoplasmic transport defects recently moved into focus as disease-modifying factor in ALS and FTLD. The formation of pathological TDP-43 inclusions is accompanied by nuclear loss of the protein, which suggests a loss-offunction in disease (1) . Also, decreased importin-␤ levels were detected in nuclei of motor neurons from ALS cases (61) , and exportin-2 and importin-␣1 are reduced in FTLD-TDP (36) . Furthermore, the nuclear import/export machinery is impaired in C9ORF72-related ALS and FTLD cases, and several pathogenic FUS mutations also impede nuclear import (62) . Recently, proteins of the import/export machinery and of the nuclear pore complex were detected in insoluble TDP-43 aggregates in several cellular models (63) . Thus, post-translational modifications at or adjacent to the NLS and/or NES of TDP-43 might influence its nuclear-cytoplasmic shuttling and thereby could regulate TDP-43 mis-localization and disease progression.
We did not observe a difference in solubility comparing TDP-43 WT and TDP-43 K95A under basal conditions, although ubiquitinylated TDP-43 exhibits increased insolubility (29) . An explanation for this might be that the proportion of ubiquitinylated TDP-43 compared with total TDP-43 is very low as the HMW depicting ubiquitinylated TDP-43 is hardly detectable in Western blots of total protein lysates, and thus, a small decrease of ubiquitinylation is not sufficient to cause a visible shift in solubility of the total protein.
Likewise, the insolubility shifts after cellular stress (proteasomal inhibition or application of osmotic, oxidative, or thermal stress) were not altered by the NLS lysine substitutions. Perhaps forced ubiquitinylation and insolubility occurs at sites beyond Lys-95, as also the enhanced ubiquitinylation of TDP-43 K263E was not as much reduced as for TDP-43 WT . For TDP-43 K263E , surprisingly, we found a strong reduction of ubiquitinylation and phosphorylation in the K84R double mutant, but not for the nuclear import-impaired TDP-43 K84A/K263E . Perhaps Lys-84 is a more prominent ubiquitinylation anchor for particular TDP-43 species inside the nucleus, whereas posttranslational modifications in cytosolic mislocalizations become even more complex and promiscuous.
Surprisingly, we found reduced phosphorylation of TDP-43 K95A at Ser-409/410. We have no straightforward explanation for this observation, as we detected no alterations of subcellular localization and solubility. Perhaps ubiquitinylation at Lys-95 affects distribution of TDP-43 in a subtle manner below the detection limits of our assays and/or regulates accessibility of Ser-409/410 kinases. The other NLS residue Lys-84 appears to be essential for nuclear import, as its substitution to alanine impeded the nuclear import of TDP-43 K84A , probably caused by impaired importin binding. On the one hand, this means that Lys-84 ubiquitinylation likely prevents importin-␣ binding and thus shuttling into the nucleus. On the other hand, this makes it difficult to distinguish between direct and indirect effects on solubility and aggregation due to Lys-84 ubiquitinylation or impaired importin-␣ binding, respectively. Impaired nuclear import due to NLS ubiquitinylation might contribute to disease pathogenesis, but unfortunately this hypothesis is difficult to prove because ubiquitinylation cannot be mimicked by site-directed mutagenesis.
Taken together, our study identifies ubiquitinylation sites in TDP-43 and highlights an interplay between specific ubiquitinylation events and the pathological phosphorylation of TDP-43.
Experimental procedures
Constructs pcDNA3.1(Ϫ)-FLAG-tagged full-length wild-type (WT) and NLS-mutated TDP-43, pcDNA3.1(Ϫ)-mCherry-CTF (aa 193-414), and pCMV-His 6 -ubiquitin expression constructs were described before (29, 31, 64) . The TDP-43 FL and CTF lysine mutants were generated by two-step site-directed mutagenesis of TDP-43 WT or CTF WT and cloned into pcDNA3.1(Ϫ) with a 5Ј-FLAG tag or 5Ј-mCherry tag via BamHI/HindIII. The primer sequences are available on request.
Antibodies
The following antibodies were used in this study for Western blotting (WB) or immunofluorescence stainings (IF): mouse anti-␤-actin (WB 1:50.000; catalog no. A5441, Sigma, clone AC-15); mouse anti-GAPDH (WB 1:35.000; catalog no. H86504M, Biodesign International, clone 6C5); mouse anti-FLAG (IF 1:1000; Sigma, clone M2 affinity-purified); rabbit anti-FLAG (IF 1:500; catalog no. 2368, Cell Signaling); peroxidase-conjugated anti-FLAG (WB 1:2000 -1:60,000; catalog no. A8592, Sigma, clone M2); mouse anti-His 6 (WB 1:3000; catalog no. 27-4710-01, Amersham Biosciences); mouse anti-His 6 (WB 1:5.000 -10.000; catalog no. MA1-21315, Invitrogen, clone HIS.H8); rabbit polyclonal against histone H2A (WB 1:1000; catalog no. 2578, Cell Signaling); rabbit anti-Hsp90 (WB 1:10,000; catalog no. SPA-846, Stressgen); rabbit anti-eIF2␣ (WB 1:2000; catalog no. 9722, Cell Signaling); rabbit anti-phospho-eIF2␣ (WB 1:2000; catalog no. ab4837, Abcam, clone S51); rabbit anti-PARP (WB 1:4000; catalog no. 9542, Cell Signaling); rabbit anti-dsRed "mCherry" (WB 1:5000; catalog no. 632496, Clontech); rabbit anti-TDP-43 (WB 1:10,000, IF 1:1000; catalog no. 10782-2-AP, ProteinTech Group); rat anti-phospho-TDP-43 (Ser-409/410) (WB 1:10, IF 1:50; M. Neumann, clone 1D3); mouse anti-ubiquitin (mono-and poly-) (WB 1:4000; catalog no. MAB1510, Millipore, clone Ubi-1). The secondary HRP-conjugated antibodies for Western blot analysis were purchased from Jackson ImmunoResearch (1:5000 -1:30,000), and secondary AlexaFluor-488-or -568-conjugated antibodies for immunofluorescence were from Invitrogen (1:1000 -1:2000).
Cell culture, transfection, proteasomal inhibition, and cell stress induction
HEK293E cells were cultured in Dulbecco's modified Eagle's medium (DMEM) with 10% FCS at 37°C and 5% CO 2 . Depend-
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ing on the experiment, 0.1-3 ϫ 10 6 cells were seeded in 6-well, 6-, 10-, or 15-cm cell culture dishes. After 24 h, the cells were transiently transfected with DNA with FuGENE 6 (Promega) following the manufacturer's instructions. For immunofluorescence studies, the ratio of DNA/FuGENE 6 was 1:4.5 diluted in OptiMEM, and for all other studies, the ratio was 1:3. Further analysis of the cells was performed 24 -72 h after the transfection.
For proteasomal inhibition, the medium was withdrawn by suction from the cells, replaced with fresh DMEM, 10% FCS, with 10 M MG-132 (Sigma), and incubated for the indicated time points. As control, cells were treated with 1:2000 diluted DMSO in DMEM.
To induce osmotic or oxidative stress, cells were cultivated for 1 h in fresh DMEM, 10% FCS with 0.4 M sorbitol or 200 M sodium arsenite (all Sigma). Heat shock was induced by cultivation for 30 min at 43°C.
Preparation of cell lysates for Western blotting
HEK293E cells (0.1 ϫ 10 6 cells/well) grown in a 6ϫ-well were lysed either in RIPA lysis buffer (50 mM Tris/HCl, pH 8.0; 150 mM NaCl; 1% Nonidet P-40; 0.5% deoxycholate; 0.1% SDS; 10 mM NaPP i ) containing 1ϫ Complete protease inhibitor mixture (Roche Applied Science) for 30 min on ice or in 8 M urea buffer (10 mM Tris, pH 8.0; 100 mM NaH 2 PO 4 ; 8 M urea), followed by DNA shearing with a 23-gauge needle. Cell debris was pelleted at 14,000 ϫ g for 15 min at 4°C, and total protein concentration was determined either with the bicinchoninic acid (BCA) protein assay kit (Pierce) for the RIPA lysates or with the Bradford assay (Bio-Rad) for the urea lysates. 5-10 g of protein was boiled in 1ϫ Laemmli buffer at 95°C for 5 min (RIPA lysate) or incubated at room temperature for 10 min (urea lysate) and subjected to Western blot analysis.
Sequential extraction of HEK293E proteins
HEK293E cells (0.35 ϫ 10 6 cells/dish) cultivated in a 6-cm cell culture dish were lysed in RIPA lysis buffer (50 mM Tris/ HCl, pH 8.0; 150 mM NaCl; 1% Nonidet P-40; 0.5% deoxycholate; 0.1% SDS; 10 mM NaPP i ) containing 1ϫ Complete protease inhibitor and PhosphoStop (both from Roche Applied Science) and pelleted at 14,000 ϫ g for 15 min at 4°C. RIPAinsoluble pellets were washed twice with RIPA buffer and lysed in 8 M urea buffer (10 mM Tris, pH 8.0; 100 mM NaH 2 PO 4 ; 8 M urea). Total protein concentration of RIPA lysates was determined with bicinchoninic acid (BCA) protein assay kit (Pierce). Total protein concentration of urea lysates was determined with the Bradford assay (Bio-Rad). 5 g of protein of the RIPA fraction was boiled in 1ϫ Laemmli buffer at 95°C for 5 min, and 2.5-5 g of the urea fraction was incubated with 1ϫ Laemmli buffer at room temperature for 10 min, and both were analyzed by Western blotting.
Pulldown of total ubiquitinylated proteins with nickel-NTA-affinity chromatography
HEK293E cells (1 ϫ 10 6 cells/dish) grown in a 10-cm cell culture dish were co-transfected with the indicated constructs and His 6 -ubiquitin for 48 h. Cells were washed with PBS and lysed with 8 M urea buffer (10 mM Tris, pH 8.0; 100 mM NaH 2 PO 4 ; 8 M urea) containing 10 mM imidazole. The DNA was sheared by passing the lysate 20 times through a 23-gauge needle, and cell debris was pelleted at 14,000 ϫ g for 15 min at 4°C. The protein concentration was determined by the Bradford assay (Bio-Rad protein assay), and total protein (500 -1000 g) was incubated with Ni-NTA-agarose beads (Qiagen) for 3 h at room temperature. Beads were washed three times with washing buffer (10 mM Tris, pH 6.3; 100 mM NaH 2 PO 4 ; 8 M urea) containing 20 mM imidazole, and proteins were eluted in 3ϫ Laemmli buffer at 95°C for 10 min. Total protein and onetenth of eluates were subjected to Western blot analysis.
Pulldown of sequentially extracted His 6 -tagged TDP-43
HEK293E cells (3 ϫ 10 6 cells/dish) that were cultivated in two 15-cm cell culture dishes were transfected with N-or C-terminally His 6 -tagged TDP-43 for 48 h. Ubiquitinylation was stabilized by a 6-h MG-132 treatment. The cells were lysed under native conditions in 1000 l of Nonidet P-40 lysis buffer (50 mM NaH 2 PO 4 , pH 8.0; 300 mM NaCl; 1% Nonidet P-40) containing 1ϫ Complete protease inhibitors and 10 mM imidazole for 30 min on ice and pelleted at 14,000 ϫ g for 15 min at 4°C. The BCA protein assay kit (Pierce) was used to measure the total protein concentration of the Nonidet P-40 -soluble fraction. Nonidet P-40 -insoluble pellets were washed two times with Nonidet P-40 buffer and lysed in 500 l of 8 M urea buffer. The DNA was sheared by passing the lysates 20 times through a 23-gauge needle. The protein concentration of the urea-soluble fraction was determined with the Bradford assay (Bio-Rad). The pulldown with 50 l of Ni-NTA-agarose beads (Qiagen) was performed with 1000 g of Nonidet P-40 and ϳ1500 g of urea lysates for 4 h at 4°C (Nonidet P-40 lysates) or room temperature (urea lysates). The beads were washed three times with either Nonidet P-40 buffer or urea wash buffer containing 20 mM imidazole, and proteins were eluted with 50 l of 3ϫ Laemmli buffer at 95°C for 10 min. 5 g of total proteins or one-tenth of eluates were subjected to WB. The remaining eluates were subjected to LC-MS/MS analysis.
LC-MS/MS
Pulldown eluates were subjected to SDS-PAGE. A protein band corresponding to the expected molecular weight of monoubiquitinylated TDP-43 and visible after Coomassie Brilliant Blue stain was excised for MS analysis. In addition, a higher molecular weight region in the gel above the theoretical molecular weight of TDP-43 showing a Coomassie-stained smear, potentially containing polyubiquitinylated isoforms of TDP-43, was excised. Sample preparation and mass spectrometric analysis were performed as described previously (65) . To avoid artifacts in the analysis of the diGly-specific mass shifts, cysteine residues were reduced by DTT following carbamylation by chloroacetamide instead of iodoacetamide prior to ingel proteolysis by trypsin (Promega) (66) . Extracted peptides were analyzed by LC-MS/MS using a nanoflow HPLC system (Ultimate 3000 RSLC; ThermoFisher Scientific) coupled to an Orbitrap Fusion (ThermoFisher Scientific) tandem mass spectrometer. Peptides were separated by reversed C-18 chromatography and 120-min gradients. MS1 spectra were acquired in the Orbitrap at 120,000 resolution. Precursors were selected
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with the top speed method and 3-s cycle time. HCD-MS2 spectra were acquired with linear ion trap detection. For database search, tandem mass spectra were extracted by MSConvert (ProteoWizard version 3.0.6938). Charge state deconvolution and de-isotoping were not performed. All MS/MS samples were analyzed using Mascot (Matrix Science; version 2.5.1). Mascot was set up to search the SwissProt database (selected for Homo sapiens, 2015_03, 20203 entries) assuming the digestion enzyme trypsin. Mascot was searched with a fragment ion mass tolerance of 0.60 Da and a parent ion tolerance of 10.0 ppm. Carbamidomethyl of cysteine was specified in Mascot as a fixed modification. Deamidation of asparagine and glutamine, oxidation of methionine, acetylation of lysine, and di-Gly modification of lysine, observed after tryptic proteolysis of lysineconjugated ubiquitin, were specified in Mascot as variable modifications.
Nuclear-cytoplasmic fractionation
HEK293E cells grown in a 10-cm cell culture dish (1 ϫ 10 6 cells/dish) were transfected with the indicated proteins and were harvested 48 h later in ice-cold PBS. A small amount of cells was lysed in RIPA buffer and kept as total protein fraction. The remaining cells were incubated with 1 ml of ice-cold hypotonic buffer (10 mM HEPES/KOH, pH 7.6; 1.5 mM MgCl 2 ; 10 mM KCl; 0.1 mM DTT) ϩ 1ϫ Complete protease inhibitor (Roche Applied Science) for 5 min on ice. Nuclei were released by breaking up the cells with a Dounce tissue homogenizer with 20 strokes with a tight pestle and separated from the soluble cytoplasmic proteins by centrifugation at 228 ϫ g for 5 min at 4°C. To minimize cross-contamination, half of the supernatant containing the cytoplasmic proteins was transferred into a new reaction tube, and the remaining supernatant was discarded. The cytoplasmic proteins were lysed by adding 5ϫ RIPA buffer (250 mM Tris/HCl, pH 7.4; 750 mM NaCl; 5% Nonidet P-40; 2.5% deoxycholate), followed by clearing of the lysates at 28,000 ϫ g for 10 min at 4°C. The nuclear pellet was washed two times in hypotonic buffer and further purified by sucrose gradient centrifugation: 400 l of S3 buffer (0.88 M sucrose, 0.5 mM MgCl 2 ) ϩ 1ϫ Complete protease inhibitor was overlaid with the nuclear pellet resuspended in 400 l of S1 buffer (0.25 M sucrose, 10 mM MgCl 2 ) ϩ 1ϫ Complete protease inhibitor, and centrifuged at 2800 ϫ g for 10 min. The purified nuclear pellet was lysed in 8 M urea buffer, and DNA was sheared with a 23-gauge needle. The protein concentration of the total and the cytoplasmic fraction was determined with the BCA assay, and the concentration of the nuclear protein fraction was measured with the Bradford assay. 5 g of each fraction were subjected to Western blot analysis.
